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Introduction 49
Increased atmospheric deposition of nitrogen (N) and specially sulphur (S) during the 50 twentieth century lead to the acidification of many terrestrial and aquatic ecosystems in Europe 51
and North America (Aber et al., 1998; Reuss and Johnson, 1986; Shannon, 1999) . After the 52 implementation of transboundary amendment programs in the 1990s, significant declines in 53 atmospheric deposition, especially S, were observed all over the North Hemisphere (Sickles and 54 Peninsula (Rodà et al., 1999) . The studied catchments receive abundant precipitation in spring 83 and autumn and experience strong evaporative demand in summer. Annual precipitation (~900 84 mm/year), however, is sufficient to provide a perennial streamflow, though water yield is very 85 low in summer. Previous work at Montseny suggested the existence of preferential flow paths 86 that bypass the soil and rooting zone and directly connect surface water flows with deep 87 subsurface flows that feed groundwater, mostly during wet conditions (Àvila et al., 1995) , which 88 could contribute to reduce the mean residence time of water in these catchments. 89
Atmospheric deposition to these catchments is characterized by relatively high 90 concentration of strong mineral anions and low acidity due to neutralization by mineral dust 91 (Àvila, 1996; Àvila and Rodà, 2002) . Starting in the early 1980s, a declining trend for SO 4 2-92 concentrations in bulk deposition has been observed which has been accompanied by a decrease 93 in SO 4 2-baseflow stream concentrations (Àvila, 1996; Àvila and Rodà, 2012) . In contrast, NO 3 -94 concentration in bulk deposition and stream water has increased, though baseflow stream 95 concentrations are still low (< 10 eq L -1 ), an indication that the catchments are far from N 96 water and solute residence time in catchments and here we provide the first results aiming at 122 elucidating the hydrochemical processes controlling them. We hypothesized that the existence of 123 preferential flow paths in these catchments will limit the contact time between solutes and biota 124 in the soil-root zone, fastening the response of stream water chemistry to changes in atmospheric 125 nutrient inputs. Thus, we expected that mean travel time of non-limiting nutrients, such as SO 4 2-, 126 will approach that of conservative solutes (Cl -), while the mean travel time of N will be strongly 127 controlled by biota. Further, we expected that the catchment with heathlands, a community that 128 includes N-fixing species, will be enriched in N, and thus more N saturated (sensu Aber et al., 129 1998), compared to the oak catchment. Consequently, we hypothesized that the oak catchment, 130 more N limited, will retain N more efficiently and thus, its streamwater chemistry would be less 131 responsive to changes in atmospheric N inputs than the catchment with heathlands. 132
Study Sites 133
The precipitation sampling site and the studied catchments belong to the experimental 134 study site of La Castanya Biological Station (LC, 41º 46'N, 2º21'E) located in the Montseny 135 massif, 40 km NNE from Barcelona (Fig. 1) (Fig. 1 and Table 1 ). Holm oak forests in these catchments were 150 heavily exploited for charcoal production until ca. 1955 and later on they have remained 151 undisturbed. Fire has not occurred in the forested parts of the catchment in the last century, but 152
burning was periodically applied in some parts of the heathlands and grasslands until the late 153 1980s to improve the land for pasture though not affecting TM5 (Belillas and Rodà, 1991) . 154
The climate is subhumid meso-Mediterranean. The mean annual air temperature varies 155 with altitude and aspect, from 9.5C on the north-facing slope at 1250 m a.s. process is the formation of a cambic horizon, with moderate illuviation (Hereter, 1990 ). Soils at 180 the rolling slopes of the upland plateau have a 3-cm depth organic layer and a 19-cm depth A-181 horizon (averaged from 29 soil profiles). The soil organic carbon content is higher at the upland 182 plateau than at the steep slopes in both the O-horizon (13.1% vs. 9.6%) and the A-horizon (6.2% 183 vs. 2.3%). The soils in the slopes are acidic (pH in water from 4.6 to 5.3), acidity being buffered 184 mainly by silicate weathering and cation exchange. Calcium is the dominant exchangeable base 185 cation, and it is especially abundant in the upper organic soil (9.5 cmol c kg -1 ) for a cation 186 exchange capacity (CEC) of 16.4 cmol c kg -1 . In the mineral soil, base saturation is low (37%), 187
with Ca and Mg amounting to 1.5 and 1.4 cmol c kg -1 respectively for a CEC of 10.9 cmol c kg -1 . 188
There is a significant positive relationship between CEC and the content of soil organic matter 189 (Hereter, 1990) . 
Data analysis 232

Basic statistical analysis and two-component mixing model 233
We calculated the arithmetic average (AA), standard deviation (SD), and volume-234 Flat semivariograms are indicative of time series with neither short-term nor long-term 289 correlations, and they are best fitted with a random model (Fig. 2, pure nugget model) . Time 290 series with some degree of temporal correlation are characterized by a small γ(h) at short time 291 lags, which then increases with h until reaching a plateau or sill once the data points become 292 independent from each other. Three key parameters are estimated by fitting a theoretical spherical 293 model to the empirical semivariogram: the nugget effect (C o ), the range (A o ), and the sill (C 1 ) 294 (Fig. 2, spherical model) . The C o is the unstructured variation that accounts for both the variance 295 at time scales shorter than sampled and any random effect or measurement error included in the 296 time series (Li and Reynolds, 1995) . The A o indicates the time lag up to which the time series has 297 some degree of correlation or memory in the concentration time series due to the mixing 298 processes in the catchment, and it is a proxy of the mean residence time (Kirchner et al., 2010) . In 299 our study, the mean residence time estimate was biased towards baseflow conditions because 300 solute concentrations during stormflow were excluded from the data analysis. The difference 301 between C o and C 1, the value of γ(h) at the plateau, is the partial sill C that accounts for the 302 structured variation or the amount of variance due to the temporal dependence (Li and Reynolds, 303 1995) . The stronger the autocorrelation in a time series, the larger is the C/C 1 ratio. When the 304 long-term correlations of the time series extend for longer time lags than the duration of the study 305 period, the γ(h) does not level off and it keeps rising with increasing h for the whole range of 306 available time scales (Fig. 2, linear model) . 307
Results 312
Precipitation and streamwater solute concentrations 313
Solute concentration in precipitation ranged over two orders of magnitude for Cl -from 1983 to 1999 (Table 2 ; Fig. 3 grey lines) . Ammonium exhibited the highest range 315 of variation (Table 2 ). The contribution of NH 4 + and NO 3 -to atmospheric N deposition was 316 similar (Table 2) . 317
Chloride and SO 4 2-concentrations in baseflow stream water were less variable than in 318 precipitation with maximum values being 2-3-fold higher than minimum concentrations at TM0 319 and TM9 (Table 2 ; Fig. 3a and b) . Mean Cl -and SO 4 2-concentrations in stream water (either AA 320 or VWA) tripled and quadrupled those in precipitation at TM5, TM0 and TM9 (Table 2) ( Fig. 4a and b) . 324
Ammonium concentration in stream water was always below the analytical detection limit 325 (0.5 μeq L -1 ), therefore dissolved inorganic N (DIN) data in stream water refer only to NO 3 -326 (Table 2) . DIN concentration (VWA) in stream water was 5-, 8-, and 50-fold lower than DIN 327 concentration in atmospheric deposition at TM5, TM0, and TM9, respectively (Table 2) . DIN 328 concentration (VWA) in stream water was lower at TM9 than at TM0 (Table 2) however, during those years DIN concentration at TM0 was very much lower (0.5 μeq L -1 ). 341
Long-term trends of solute concentrations 342
The interannual precipitation trend of SO there was no trend in annual DIN concentration in precipitation from 1983 to 1999 (Fig. 4c) . 348
Annual Cl -concentration at both streams, TM9 and TM0, did not show any significant 349 trend from 1983 to 1999 (Fig. 4a) . In contrast, annual SO 4 2-concentration declined at TM9 and 350 TM0 at a rate of 1.4 ± 0.8 and 3.4 ± 1 μeq L -1 y -1 , respectively. However, this temporal trend was 351 only significant for TM0 (r 2 = 0.62, n =11, p = 0.0039). 352
The TM0 stream showed no significant trend in NO 3 -concentration over time (Fig. 4c) . 353
Nitrate concentration at the TM9 stream tripled between 1983 and 1997, increasing at a rate of 354
Variance analysis of solute concentrations 357
The
2-at TM9 and TM0 respectively; 359 Table 2 ). The σ 2 of DIN in stream water was two orders of magnitude lower than in precipitation 360 for both streams (Table 2) . At the TM5, the σ 2 of stream Cl -concentration was similar to 361 precipitation whereas the σ 2 of DIN in stream water was 4 times lower than in atmospheric 362 deposition (Table 2) . 363
The γ lag-1 of solute concentration in precipitation time series was lower than its σ 2 , by 8% 364 (Table 2) . 367
At the TM0 and TM9 streams, the γ P /γ R ratio for Cl -ranged between 15 and 18 which 368 mean that the fluctuations in Cl -precipitation time series were averaged in 15-18 stream water 369 samples (so, weeks). The SO 4 2-γ P /γ R ratio was lower than for Cl -, and it was 2-fold lower at TM9 370 than at TM0 (Table 2) , suggesting less damping of SO 4 2-concentrations at TM9. The γ P /γ R ratio 371 for DIN at the TM0 and TM9 streams was between one and two orders of magnitude larger than 372 for Cl -and SO 4 2-( Table 2 ). The TM5 stream showed the smallest γ P /γ R ratios for the three solutes 373 (Table 2) . 374
The empirical semivariograms γ(h) calculated from solute concentration time series 375 showed contrasting patterns between precipitation and stream water. For the three studied solutes, 376 the γ(h)s obtained from the precipitation time series were flat and did not show any clear trend 377 with increasing h as expected for a pure nugget model (Fig. 5) . Consequently, the linear andspherical models did not fit the empirical data. In contrast to precipitation, the γ(h)s obtained from 379 for Cl -until reaching a plateau (Fig. 5a ). The γ(h) for SO 4 2-increased more abruptly than for Cl -, 382 levelling off after the first ~ 9-12 weeks (Fig. 5b) . For both Cl -and SO 4 2-, the goodness of fit was 383
higher for the spherical model than for the linear model (Table 3 ). The structured variation was 384 larger at TM0 than TM9 as indicated by the C/C 1 index ( Table 3 cycle. This pattern was especially noticeable for the TM0 stream ( Fig. 5a and b) . 387
The γ(h) for DIN did not level off but increased gradually with h at the TM0 stream (Fig.  388   5c ). In this case, the linear model was a good predictor of the structure of DIN fluctuations (Table  389 3). At the TM9 stream, the γ(h) obtained from the DIN time series was flat as expected from a 390 pure nugget model, and did not show any seasonal pattern (Fig. 5c) . The fact that stream NO 3 -391 concentration at TM9 was under the detection limit most of the time may affect the 392 semivariogram analysis, thus limiting its interpretation. 393 
Discussion 394
Differences in the catchment response to long-term changes in atmospheric deposition.
Differences in the residence time of water and solutes between catchments. 442
Chloride is considered as a natural tracer, whose inputs from precipitation circulate 443 conservatively within a catchment and thus this solute has been broadly used in hydrologic studies 444 to trace transport, storage and mixing of water compartments (e.g., Kirchner difference in the residence time of water between the studied catchments (2-3 weeks lower at 467 TM9 than at TM0), though the slope at TM9 was substantially higher than at TM0 (mean slope 468 35º vs. 26º). Thus, our results suggest that differences in topography between these two nested 469 catchments were not large enough to result in substantial differences in their water mean residence 470
time. 471
The mean residence time of water in the Montseny catchments (4-5 months) was low when 472 compared to that reported for montane catchments at the H.J. Andrews forests in north-western 473 for the Montseny catchments could result from a low groundwater contribution which could be 486 favoured by the extremely shallow and stony soils at the study site. However, previous work has 487
shown that groundwater dominates the baseflow stream runoff (that is what was analyzed here) 488 and accounts for the major part (~70%) of the annual stream runoff in these catchments (Neal et 489 al., 1995) . Therefore, our results suggest the existence of a quick transmission path connecting 490 precipitation inputs to subsoil major flow paths toward the stream channel. 491
Previous studies on soilwater chemistry at Montseny suggested the existence of 492 preferential flow paths connecting soil superficial flows with subsurface flows, especially during 493 wet periods when baseflow stream water was a mixture of groundwater and soil subsurface flow 494 (Àvila et al., 1995) . In contrast, during dry periods subsurface areas were reduced and soils were 495 likely disconnected from the stream, which was mainly fed by groundwater (Àvila et al., 1995) . 496
This marked seasonality in the groundwater level between dry and wet periods, which is 497 accentuated in catchments with high evaporative demand, could have profound implications in 498 the travel time of water and solutes through catchments because water is stored for shorter periods 499 in shallow than in deep groundwater (Asano et al., 2002; Soulsby et al., 2000) . The seasonality of 500 stream water chemistry is related to such temporal pattern in hydrological flow paths, with 501 increased concentration of atmospherically derived compounds in winter when the water table is 502 high and shallow groundwater contributes to baseflow stream runoff (Rice and Bricker, 1995) . 503
The marked annual seasonality of atmospheric derived compounds, Cl bear the idea that these catchments are still N limited and thus, nitrate is highly retained by biota 545 and it remains stored in the ecosystem pools for long time, even if water circulates rapidly through 546 preferential pathways and has low contact time with the rooting zone and soil biota. 547
Our study indicates that fairly undisturbed catchments in this Mediterranean region had a 548 quick response (in the scale of months) to the decreasing trend in SO 4 2-atmospheric deposition 549 during the 1980s and 1990s. This responsiveness could be explained by the residence time of 550 water in these catchments which was low compared to values available in the literature from other 551 geographical regions. A steep topography and a quick transmission path connecting precipitation 552 inputs to subsoil major flow paths toward the stream could favour the fast drainage of water 553 through these catchments, while suggesting a small groundwater reservoir. We pose that a large 554 contribution of dry deposition to total atmospheric inputs and the strong seasonality of 555 hydrological flow paths could contribute to reduce the mean residence time of water and solutes in 556 these Mediterranean catchments. However, the impact of different hydrological flow paths during 557 dry and wet periods on water mean residence time may depend on the geologic configuration of 558 the soil-bedrock profile, information that generally is not easy to obtain from catchments. Our 559 results suggest that the resilience of Mediterranean montane ecosystems to environmental changes 560 may be low compared to more humid ecosystems, and thus, changes in management strategies 561 and/or abrupt climatic changes could have dramatic effects of their biogeochemistry. In contrast to 562 S, there was no clear temporal trend in atmospheric N deposition and thus, the catchment response 563 to changing N inputs could not be evaluated. Nevertheless, our results suggest that despite chronic 564 N deposition, this essential nutrient is still highly retained by these ecosystems as indicated by low 565 stream concentrations with no seasonal pattern and the high mean retention time of DIN within 566 the catchment (in the scale of decades). Moreover, we found that heathlands with N-fixing species 567 located at the catchment plateau affected downstream water chemistry significantly, even though 568 they only covered a small area of the catchment (~30%). Recent studies have reported a 569 progressive replacement of heathlands by oak forests (Peñuelas and Boada, 2003) . According to 570 our results, this biome shift could result in a substantial decrease in nitrate concentration in stream 571 water, which would counterbalance, at least in part, the expected future increase in stream N 572 export in response to chronic N deposition. This study contributes to illustrate that Mediterranean 573 montane catchments are highly sensitive to environmental changes, and that their vulnerability to 574 anthropogenic pressure can only be assessed with well-designed long-term monitoring 575 programmes covering decades of hydrological and chemical data (Lovett et al., 2007) . 576 Prec: precipitation, AM: arithmetic average, SD: standard deviation, VWA: volume weighted average, n: number of samples. (eq L 
